Enzyme-catalyzed signal amplification was introduced to the electrochemical detection of the OH radical. In the presence of phenol as a trapping agent, glucose as a substrate, and pyrroloquinoline quinone-containing glucose dehydrogenase (PQQ-GDH) as a catalyst, the current signal for the trapping adducts (catechol and hydroquinone) produced by the hydroxylation of phenol could be amplified and detected sensitively. The limit of detection (S/N = 3) for catechol was 8 nM. The trapping efficiency of phenol was also estimated.
The hydroxyl (OH) radical is known to be the most reactive oxygen radical. In living systems, it is generated by aerobic metabolism or metal-catalyzed reactions, and plays important roles in physiological processes. Because of the high reactivity and the short lifetime, any direct measurement of the OH radical is very difficult. Instead, numerous reports have appeared on indirect OH radical detection by trapping reactions, in which the OH radical provides stable adducts with aromatic compounds or spin-trapping agents. 1 When aniline, phenol, and their derivatives are used as trapping agents, those adducts with the aminophenol, catechol, or hydroquinone structure are produced by hydroxylation, which allows for a simple detection system based on electrochemical oxidation. [2] [3] [4] Liquid chromatography with electrochemical detection using these aromatic trapping agents has been one of the most widely used methods for OH radical detection so far. 1 However, the concentration of the OH radical in vivo is extremely low, 1 and thus an electrochemical method for a highly sensitive determination of OH trapping adducts has been desired. 5 Signal amplification in amperometry and voltammetry using enzyme-catalyzed redox cycling, in which an analyte is reproduced with the aid of a redox enzyme, has been extensively studied by many researchers. [6] [7] [8] [9] [10] [11] [12] This technique has been applied to sensitive detection in enzyme immunoassay 8, 9, 11 and enzyme-linked DNA hybridization assay. 10, 12 However, it has not been applied to OH radical detection. In this communication, we present our electrochemical detection of the OH radical using an enzyme-catalyzed signal amplification system. In the presence of phenol as a trapping agent, glucose as a substrate, and pyrroloquinoline quinone-containing glucose dehydrogenase (PQQ-GDH) as a catalyst, the current signal for the trapping adducts (catechol and hydroquinone) produced by the hydroxylation of phenol could be amplified and detected sensitively.
The OH radical was generated and trapped according to 2-nor phenol gave an oxidation wave within the potential range between -100 and 300 mV. Upon the addition of 2.0 mM H2O2 into the solution, a pair of small anodic and cathodic peak currents were observed at about 100 mV, besides the direct reduction of H2O2 at about -100 mV (curve b, thin line). The midpoint potentials of catechol and hydroquinone were determined to be 92 and -22 mV, respectively, by separate experiments of cyclic voltammetry, indicating that catechol was the predominant detectable hydroxylated adduct by trapping the OH radical. When 10 U mL -1 PQQ-GDH was added into the solution, an amplified oxidation current appeared, as shown in curve c in Fig. 1A (bold line) . This can be mainly ascribed to the electrochemical oxidation of catechol coupled with the regeneration of catechol by the PQQ-GDH-catalyzed reduction of o-quinone in the presence of glucose. A small current increase at about 0 mV may be derived from a small production of hydroquinone. Figure 1B was obtained with lower concentrations of [Fe (II)EDTA] 2-, phenol, and H2O2 (0.20 mM each). While the pair of anodic and cathodic peak currents was no longer observed before the addition of PQQ-GDH (curve b, thin line), the catalytic oxidation current was clearly observed after the addition of PQQ-GDH (curve c, bold line). Figure 2A shows linear-sweep voltammograms (after subtraction of the background current) of various concentrations of catechol in a buffer containing 0.10 M glucose and 10 U mL -1 PQQ-GDH at v = 5 mV s -1 . The limiting catalytic current (Ilim) obtained at E = 280 mV was proportional to the concentration of catechol (C), as shown in Fig. 2B . This result indicates that C is sufficiently lower than the Michaelis constant (KM), and thus Ilim can be related to C by the following equation:
where D is the diffusion coefficient of catechol, kcat is the turnover number of the enzyme reaction, [E] is the molar concentration of the enzyme; n, F and q are the number of electrons at the electrode reaction (here, n = 2), the Faraday constant, and the electrode surface area, respectively. D was estimated to be 7.7 × 10 -6 cm 2 s -1 by the cyclic voltammetry of catechol in the absence of glucose and PQQ-GDH. The limit of detection (S/N = 3) of 8 nM and kcat/KM of 2.7 × 10 9 M -1 s -1
were obtained from the regression line in Fig. 2B . This kcat/KM value agreed with the reported values in the order of 10 9 -10 10 M -1 s -1 for various quinone compounds. 14 We determined the concentration of catechol produced by the hydroxylation of phenol in Fig. 1B to be 0.12 μM, on the assumption that the production of hydroquinone was negligible. Here, we define the trapping efficiency (TE) as
where Cadd is the concentration of the hydroxylated adduct (here, catechol), and COHmax is the supposed maximum concentration of the OH radical generated in the system (here, COHmax = 0.20 mM, assuming that [Fe(II)EDTA] 2-and H2O2 react stoichiometrically). By Eq. (2), the TE was estimated to be 0.06%. This TE value is much lower than the reported value of 7% for the production of catechol by mixing a Fe(II)-ADP (ADP = adenosine diphosphate) complex and H2O2 with phenol at pH 7.2, 37 C, 3 probably due to the difference in the Fe(II) complex and the temperature.
No significant effect of inactivation of PQQ-GDH was observed with 2.0 mM or lower concentrations of phenol during the course of the experiment. However, PQQ-GDH was considerably inactivated when 10 mM phenol was used.
If a phenolic trapping agent has a substituent group at the para-position, we can expect only one detectable hydroxylated adduct (i.e., catechol form) by trapping the OH radical, which leads to a more accurate determination of the adduct. We are now trying to find a para-substituted phenolic compound that gives high amplification and trapping efficiency without any effect due to inactivation of the enzyme.
